All plastid sequences files are available from the NCBI GenBank database (accession number KR336545).

Introduction {#sec001}
============

*Costaria costata* is an annual marine alga that belongs to the class Phaeophyceae, order Laminariales, and family Costariaceae. It grows naturally along the northern coast of the Pacific Ocean. In Asia, it is mainly distributed in the coastal waters of Japan and the Korean Peninsula \[[@pone.0140144.ref001]\], and has been newly cultivated in Korea \[[@pone.0140144.ref002]\]. *C*. *costata* propagates rapidly and therefore plays a central role in the restoration of marine pastures and construction of sea forests. In addition to its dietary value for marine animals such as abalone and sea urchins, *C*. *costata* is also important for the seaweed industry because it is used in the extraction of alginate, mannitol, and seaweed starch \[[@pone.0140144.ref003], [@pone.0140144.ref004]\]. *C*. *costata* is not distributed in China. However, because it has significant economic value and can potentially be cultivated, it was introduced in China in 1992. Sinc then, experiments have been carried out to optimize indoor cultivation \[[@pone.0140144.ref005]\]. In 2007, *C*. *costata* was successfully reproduced and bred in the sea areas of Dalian in the Liaoning Province. Currently, small-scale farming of *C*. *costata* is carried out in the sea areas of both Dalian and Rongcheng in North China.

The study of *C*. *costata* gradually intensified in recent years, mainly because this alga contains unique and abundant biologically active substances and sulfated fucan \[[@pone.0140144.ref006]\]. Previous research has shown that its dietary fiber has significant hypolipidemic effects \[[@pone.0140144.ref007]\]. However, with the exception of species taxonomy, population structure analysis, and its mitochondrial genome \[[@pone.0140144.ref008]--[@pone.0140144.ref011]\], little information about the molecular biology of *C*. *costata* has become available to date. Prior research has been restricted mainly to methods that use normal molecular markers, such as restriction fragment length polymorphism and small-subunit ribosomal DNA.

Plastids are important photosynthetic organelles with their own genomes. Plastid DNA is compact and has a fast evolutionary rate, which make it an ideal tool for evolutionary and population studies. The *rbc*L, *matK*, and *psbA* plastid genes are good taxonomic barcodes that are often used for species identification \[[@pone.0140144.ref012]\]. In recent years, determination of the evolution rates of plastid genomes has become an active area of research \[[@pone.0140144.ref013]\]. Rates of nucleotide substitution provide appropriate windows of resolution for the study of plant phylogeny at deep evolutionary levels. A description of the molecular change based on the complete plastid genome is essential for a full understanding of the mechanisms of mutation and evolutionary change \[[@pone.0140144.ref014]\]. Plastids arose through a process of primary and secondary endosymbiosis \[[@pone.0140144.ref015]\]; thus, unraveling their origin and evolution has been a challenging scientific puzzle. Phylogenetic analysis at the whole plastid genome level provides a more comprehensive and accurate mean to clarify the evolution of plastids.

We determined the complete plastid genome sequence of the large brown alga *C*. *costata* with next-generation sequencing. The sequence represents the first fully characterized plastid genome from the newly identified family of Costariaceae. In addition, we explored the evolutionary position of this alga based on the plastid genomic data currently available for other algae and higher plants. *Saccharina japonica* and *Undaria pinnatifida* have been main cultivated large brown seaweeds in China for decades. *C*. *costata* has great potential to follow these species in large-scale farming. All three algae belong to the order Laminariales. The present study not only contributes to efforts to exploit the advantageous characteristics of brown algae but also provides a scientific basis for the development of new algal breeds and further exploration of new marine sugar resources.

Materials and Methods {#sec002}
=====================

DNA Extraction {#sec003}
--------------

Algal material was provided by the Culture Collection of Seaweed at Ocean University of China in Qingdao (sample number: 2012050110). Gametophytes of *C*. *costata* were cultivated at 8--12°C in sterilized filtered seawater under fluorescent light (3000 lux; 12 h light/dark cycles). The gametophytes were concentrated on filter paper and subsequently washed three times with sterilized filtered seawater. Total DNA was extracted from fresh drained material according to a modified cetyltrimethylammonium bromide method \[[@pone.0140144.ref016]\].

Genome Sequencing and Assembly {#sec004}
------------------------------

Approximately 5 μg of purified DNA was used for the construction of short-insert libraries following the manufacturer's protocol (Illumina Inc., San Diego, CA, USA). The sequenced libraries included short pair-end libraries with insert lengths of 250 bp, 300 bp, and 500 bp. Library construction and sequencing were performed by the Beijing Genomics Institute (Shenzhen, China).

The raw sequence reads corresponding to the plastid DNA were detected based on their similarity to the plastid genomes of *U*. *pinnatifida*, *S*. *japonica*, *Ectocarpus siliculosus*, and *Fucus vesiculosus* by using the Basic Local Alignment Search Tool (BLAST) software \[[@pone.0140144.ref017], [@pone.0140144.ref018]\]. For the short insert libraries, a total of 2,096,479 raw reads corresponding to plastid DNA were obtained with an average read length of 101 bp. The raw data provided approximately 1600-fold coverage of the plastid genome. Subsequently, these plastid-related reads were assembled by using SOAPdenovo software \[[@pone.0140144.ref019]\] with default assembly parameters (SOAPdenovo all -s assembly.conf -o mysample -K 49 -p 8 &). All the assembled contigs were aligned and ordered with respect to the reference plastid genomes using MEGA 6.0 software \[[@pone.0140144.ref020]\]. The sequence of the circular genome was completed via manual assembly. Polymerase chain reaction amplification and Sanger sequencing with the primers listed in [S1 Table](#pone.0140144.s002){ref-type="supplementary-material"} were performed to fill in the gaps and confirm the four junction regions.

Annotation and Analyses {#sec005}
-----------------------

Protein-coding genes and open reading frames (ORFs) were identified with BLASTN and BLASTX searches of the National Center for Biotechnology Information database \[[@pone.0140144.ref021]\]. The ribosomal RNA (rRNA) genes were identified via sequence alignment with known plastid genes of *S*. *japonica* and *U*. *pinnatifida*. The transfer RNA (tRNA) genes were identified by using tRNAscan-SE1.21 software \[[@pone.0140144.ref022]\]. The physical map of the circular genome was drawn with OGDRAW software \[[@pone.0140144.ref023]\]. Sequence alignment was performed and base composition determined by using BioEdit software. Gene substitution rates were calculated with MEGA 6.0 software \[[@pone.0140144.ref020]\]. Co-linear analyses of the five plastid genomes were conducted with Geneious software (version R7 7.0.6) \[[@pone.0140144.ref024]\].

Phylogenetic Analysis {#sec006}
---------------------

Phylogenetic analysis was performed with plastid genomes from 43 taxa, including green algae, red algae, and brown algae, as well as two land plants. *Cyanophora paradoxa* was assigned as an outgroup. A list of 22 shared plastid genes were used for phylogenetic analysis (*atpA*, *atpB*, *atpH*, *rbc*L, *petB*, *petG*, *psaA*, *psaB*, *psaC*, *psbA*, *psbB*, *psbC*, *psbD*, *psbE*, *psbF*, *psbL*, *psbN*, *rpl20*, *rps11*, *rps12*, *rps14*, and *rps19*). Sequences were aligned with MEGA 6.0 software and edited manually. MrBayes v3.1.2 software \[[@pone.0140144.ref025]\] was used to investigate the evolutionary relationships based on 6,104 amino acids corresponding to the 22-protein dataset. Bayesian inference analysis was performed with two separate sequence analyses for four Markov chains (using default heating values), which were run for 500,000 generations, discarding the first 25% as burn-in \[[@pone.0140144.ref026]\]. The remaining trees were used to build a 50% majority rule consensus tree, accompanied by posterior probability values. FigTree v1.3.1 (<http://tree.bio.ed.ac.uk/>) was used to generate the phylogenetic trees.

Results and Discussion {#sec007}
======================

Genome Organization and Comparison {#sec008}
----------------------------------

The plastid DNA of *C*. *costata* is a 129,947 bp circular molecule. It contains a large single-copy (76,507 bp) and a small single-copy (42,622 bp) region separated by two inverted repeats (IRa and IRb: 5,409 bp), as shown in [Fig 1](#pone.0140144.g001){ref-type="fig"}. The overall A+T content is 69.13%, which is the second-lowest among the published Phaeophyceae plastid genomes to date ([Table 1](#pone.0140144.t001){ref-type="table"}). The *C*. *costata* plastid genome contains 139 protein-coding genes including two ORFs, 27 tRNA genes, and six ribosomal RNA genes. None of the genes contains introns. The gene content and order are almost identical to those of the plastid genomes of *S*. *japonica* and *U*. *pinnatifida*; however, *C*. *costata* encodes fewer tRNAs. Similar to other reported species, the plastid genome of *C*. *costata* is compact, with an intergenic region that accounts for approximately 17.31% of the entire genome. Four pairs of genes overlap over 4 to 13 nucleotides.

![Gene map of the *Costaria costata* plastid genome.\
Genes on the outside of the map are transcribed counterclockwise and those inside the map are transcribed clockwise. The innermost ring in gray represent the GC content.](pone.0140144.g001){#pone.0140144.g001}
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###### General features of five brown seaweed plastid genomes.

![](pone.0140144.t001){#pone.0140144.t001g}

  Species                    Size (bp)   A+T (%)   IR (bp)   Genes   tRNAs
  -------------------------- ----------- --------- --------- ------- -------
  *Fucus vesiculosus*        124986      71.05     4863      139     26
  *Ectocarpus siliculosus*   139954      69.33     8615      148     27
  *Saccharina japonica*      130584      68.95     5496      139     29
  *Undaria pinnatifida*      130383      69.38     5404      139     28
  *Costaria costata*         129947      69.13     5409      139     27

In a comparison of the five known brown algal plastid genomes from Phaeophyceae, co-linear analysis showed that the protein-coding gene content and order in all three species from the Laminariales order are virtually identical ([S1 Fig](#pone.0140144.s001){ref-type="supplementary-material"}). All three have inverted repeats (IR) regions of similar length. Comparisons of plastid genome structures at the order level found significant differences between Laminariales, Fucales, and Ectocarpales but no apparent pattern in the overall genome structure. However, two long and conservative gene clusters with lengths of 30.7 Kb and 34.9 Kb containing 49 and 37 genes, respectively, were found among the five plastid genomes analyzed. In these gene clusters, the gene order of all five species is exactly the same, which demonstrates a conserved co-linear relationship between brown algal plastid genomes.

Codon Usage {#sec009}
-----------

The plastid genome of *C*. *costata* has three types of start codons. Whereas ATG is used for nearly all of the plastid genes, *rps8* and *psbF* have GTG as the start codon. Remarkably, the same is true for *U*. *pinnatifida* and *S*. *japonica* ([Table 2](#pone.0140144.t002){ref-type="table"}). In addition, ATT is the start codon for the *atpA* gene in *C*. *costata* and *U*. *pinnatifida* but not that in *S*. *japonica*. Three typical stop codons (TAA, TAG, and TGA) are found in the plastid genes of *C*. *costata* with preferences of 82.73% for TAA and 14.39% for TAG. The TGA stop codon is used only in the *ycf24* gene, which also has a TGA stop codon in *S*. *japonica* and *U*. *pinnatifida*. The *ycf40* gene in the *U*. *pinnatifida* plastid genome, also has a TGA stop codon.

10.1371/journal.pone.0140144.t002

###### Comparison of codon use in five large brown algal plastid genomes.

![](pone.0140144.t002){#pone.0140144.t002g}

                                      Start codon   Stop codon                                           
  -------------- -------------------- ------------- ---------------------------- ------------ ----- ---- --------------------------------------------------------------------------------
  Fucales        *F*. *vesiculosus*   136           2 (*rpl3*, *psbF*)           1 (ORF76)    113   17   9 (*ycf24*, *chlI*, *thiG*, *ycf54*, ORF501, *rbcR*, *rps10*, *rps9*, *rpl29*)
  Ectocarpales   *E*. *siliculosus*   145           3 (*rpl3*, *rps8*, *rbcR*)   0            129   14   5 (*ycf24*, *ycf19*, *rps1*, *rps7*, *rpl31*)
  Laminariales   *S*. *japonica*      137           2 (*rps8*, *psbF*)           0            114   24   1 (*ycf24*)
                 *U*. *pinnatifida*   136           2 (*rps8*, *psbF*)           1 (*atpA*)   116   21   2 (*ycf24*, *ycf40*)
                 *C*. *costata*       136           2 (*rps8*, *psbF*)           1 (*atpA*)   118   20   1 (*ycf24*)

Numbers in the table represent the plastid gene codon usage in 5 species.

ATG is the most commonly used translation initiation codon in all species studied thus far. Besides ATG, GTG serves as initiation codon in some bacterial and several red algal plastid genes \[[@pone.0140144.ref027]\]. Several examples exist in which the ATG start codon has mutated to ATT, which in turn stabilizes the binding of the initiator tRNA^Met^ to the ribosome \[[@pone.0140144.ref028]\]. The plastid genomes of *E*. *siliculosus* and *F*. *vesiculosus* contain three and two genes, respectively, that have GTG start codon. In the five plastid genomes from Phaeophyceae, GTG start codon usage is concentrated in four genes (*rpl3*, *rps8*, *rbcR*, and *psbF*). The three plastid genomes from the same order of Laminariales show the same pattern of GTG start codon usage (see [Table 2](#pone.0140144.t002){ref-type="table"}). Thus, the use of GTG as a start codon in these genes is strongly conserved.

TAG is the second most commonly used stop codon, after TAA. The frequency of the TAG stop codon in the plastid genes of five species from Phaeophyceae is 9.46--17.27%. As reported previously, in some cases, especially in the mitochondrial genome, TGA encodes tryptophan instead of a stop codon \[[@pone.0140144.ref029]\]. In plastid genes, however, TGA is a normal stop codon, and in *E*. *siliculosus* and *F*. *vesiculosus* we identified five and nine genes, respectively, with TGA stop codons. By contrast, in the three species of Laminariales, only one or two genes have TGA stop codons (*ycf24*, *ycf40*). Thus, Laminariales species use few TGA stop codons, differing substantially from *E*. *siliculosus* and *F*. *vesiculosus* plastid genomes. Based on the differences in the start and stop codons in plastid genes, as well as the evolutionary relationships between the five species from Phaeophyceae, we inferred a possible evolutionary pattern for their plastid genes ([Fig 2](#pone.0140144.g002){ref-type="fig"}).

![Evolutionary patterns of the start and stop codons of the plastid genes of five Phaeophyceae species.\
Red boxes above the line represent the genes and their start codons; blue boxes below the line represent the genes and their stop codons.](pone.0140144.g002){#pone.0140144.g002}

Gene Substitution Rates {#sec010}
-----------------------

We calculated and compared the gene substitution rates of all the three plastid genomes of Laminariales, and the results demonstrated that the nucleotide substitution rates of all 137 protein-coding genes ranges from 0 to 20.88% with an overall substitution rate of 9.55%. The *petF* gene has the highest substitution rate (20.88%), and the *petN* gene has the lowest substitution rate (0; [S2 Table](#pone.0140144.s003){ref-type="supplementary-material"}). Analysis of the amino acid substitution rates showed an overall substitution rate of 5.57% for all genes, which is lower than the rates at the nucleotide level and indicates a certain proportion of synonymous substitutions. The overall comparison between different Laminariales species showed that plastid gene variation between *C*. *costata* and *S*. *japonica* is lower than that between each of those species and *U*. *pinnatifida*. The results showed that *C*. *costata* and *S*. *japonica* have a closer relationship, which differs from the results of the phylogenetic relationship analysis.

The mitochondrial genomes of the three Laminariales species *C*. *costata*, *S*. *japonica*, and *U*. *pinnatifida* have been published \[[@pone.0140144.ref030]--[@pone.0140144.ref032]\]. Therefore, we also calculated and analyzed the gene substitution rates among them. The results showed that the mitochondrial gene substitution rates ranges from 7.46% to 28.20% at the nucleotide level. The *rps11* gene has the highest substitution rate and the *atp9* gene has the lowest substitution rate ([S3 Table](#pone.0140144.s004){ref-type="supplementary-material"}). The overall comparative analysis of the three mitochondrial genomes indicated that the lowest interspecies substitution rates is between *S*. *japonica* and *C*. *costata*, which is in line with the results of the plastid gene analysis. Analyses of both plastid and mitochondrial genes support a closer phylogenetic relationship between *S*. *japonica* and *C*. *costata* than between each of these species and *U*. *pinnatifida*. Despite the plastid genome having a conservative rate of evolution and stable gene content, comparative molecular analyses revealed complex patterns of mutational change. Previous research found the silent site substitution rate of the mitochondrion to be lower than those of the plastid and nucleus in land plants \[[@pone.0140144.ref033]\]. However, recent organelle genome analyses from lineages outside of land plants suggest the opposite, that the substitution rate of plastids is lower than that of their mitochondria \[[@pone.0140144.ref013]\]. The three species used in our research belong to Laminariales and are related close enough for substitution rate analyses. Our results support that the plastid substitution rate is lower than that of the mitochondrion in algae groups with primary or secondary plastids.

Gene Length Change {#sec011}
------------------

The results of a comparison of the genetic differences between three Laminariales plastid genomes demonstrated differences in *ycf35* and *rpoA* gene length between species. These gene length differences are caused by simple sequence repeats or deletions. The *rpoA* gene in the *C*. *costata* plastid genome is 6 bp longer than those in *S*. *japonica* and *U*. *pinnatifida* owing to a GAAAAA simple sequence repeat. However, neither the ORF nor the overall structure of the gene was affected by this 6 bp duplication. It may have formed during the process of gene replication, and we can infer that the duplication occurred after the differentiation of the families Costariaceae and Alariaceae. For the *ycf35* gene, an insertion or deletion of a simple sequence of ATT or AAT makes its gene length 3 bp shorter in *U*. *pinnatifida* than those in *S*. *japonica* and *C*. *costata* ([Fig 3](#pone.0140144.g003){ref-type="fig"}). Neither the 3-bp nor the 6-bp length change influences the corresponding gene frame, but the mutations result in differences in both gene length and sequence.

![The 3-bp and 6-bp length mutations in *C*. *costata* plastid genes.\
The lines correspond to the amino acid triplet codon of each gene for three species, and the dash (--) represents the deletion of a base.](pone.0140144.g003){#pone.0140144.g003}

Simple sequence repeats, also called microsatellites, are an important source of gene recombination and variation \[[@pone.0140144.ref034]\]. In this study, we identified two gene length changes caused by insertion or deletion of a 3-bp or 6-bp repeat sequence in two plastid genes. These changes do not alter the original gene reading frame. Previous studies have shown that duplication or deletion of short repeated sequences are usually generated during the genome replication process, which cause gene length mutation \[[@pone.0140144.ref035]\]. All results and analyses of gene length changes in this study were verified and validated by polymerase chain reaction amplification and Sanger sequencing. Our results revealed a mechanism of gene length mutation that may be one of the most important sources of genetic variation in the plastid genome.

Phylogenetic Analyses {#sec012}
---------------------

The phylogenetic tree with posterior probabilities based on 22 plastid protein-coding genes is presented in [Fig 4](#pone.0140144.g004){ref-type="fig"}. All taxa are clearly separated into two groups; one group consists of the green algae, Charophyta and land plants and represents the green plastid lineage branch. The other group represents the red plastid lineage that includes *Porphyridium purpureum* (emerging at the base of this branch), as well as red plastids and red-derived plastids. The red-derived plastid subgroup includes Haptophyta, Cryptophyta, and Heterokontophyta. Among the sub-branches of five brown algae belonging to the class Phaeophyceae, *F*. *vesiculosus* is the most isolated branch, followed by *E*. *siliculosus*. All three species from the order Laminariales form a clade, in which *C*. *costata* and *U*. *pinnatifida* receive a relatively high posterior probability that support a close relationship and are further grouped with *S*. *japonica*. This result does not correspond to the results of the gene substitution rates analysis performed in this study, and this inconsistency may be caused by the use of different data including only 22 protein-coding genes. In summary, all of our phylogenetic analyses support the conclusion that "primary" plastids are of both red and green lineage \[[@pone.0140144.ref036]\]. Nevertheless, in the red plastid lineage, *P*. *purpureum* was designated the most isolated branch and shows only a limited genetic relationship with other species. Considering that this plastid is a unicellular marine red alga and its gene order differs from that of other Rhodophyta, *P*. *purpureum* may represent a novel evolutionary plastid group \[[@pone.0140144.ref037]\].

![Phylogenetic tree (Bayesian inference) of 43 taxa based on 22 plastid protein-coding genes.](pone.0140144.g004){#pone.0140144.g004}

In China, *S*. *japonica* and *U*. *pinnatifida* are currently the most important cultivated brown seaweeds farmed on a large scale. However, the use of single aquaculture species has seriously limited the development of the Chinese seaweed industry. Decades of simple and single breeding methods have gradually reduced the biodiversity of coastal aquaculture waters, and it is challenging to use cultivated seaweeds in the restoration of coastal ecosystems. *C*. *costata* is mainly distributed in the colder waters of the North Pacific, and normally grows attached to rocks. According to the results of this study, *C*. *costata* is closely related to *S*. *japonica* and *U*. *pinnatifida* phylogenetically. Therefore, it is almost impossible for *C*. *costata* to grow wildly in the temperate waters in China or damage the oceanic ecological balance and marine environment. Similar to *S*. *japonica* when first introduced in China, *C*. *costata* is a new type of large brown seaweed that has now been proven to be able to grow and reproduce in Dalian sea areas. It is urgent to accelerate the scientific study of the breeding and large-scale farming of this new species, which will be of great importance in the further development of the seaweed industry in China.
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###### Comparison of five large brown algal plastid genomes from Phaeophyceae with Geneious software.
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